From the observation of a previously undiscovered nematic-like mesophase (N X ) by Archbold et al., we report on several new binary liquid-crystalline mixtures between the high helical twisting power dopant RM1041 and a selection of dimers with varying average bend angles and conformational landscapes. We also report on mixtures between RM1041 and oligomeric LC materials. We find that dimers and oligomers exhibit not only chiral nematic and twist-bend modulated phases, but also the same N X phase reported by Archbold, indicating that this state of matter (the structure of which is yet to be definitively characterised) is exhibited by a wide range of materials. Mixtures of the dimer CB9CB with a selection of different chiral dopants suggest that it is the helical twisting power of the chiral additive that is responsible incidence of the N X phase.
Introduction
The discovery of the twist-bend modulated (TB) phase has led to resurgence in the interest in liquid-crystalline dimers and bimesogens. 1, 2 The TB phase possesses a helical structure with a pitch length of a few nanometers. [3] [4] [5] The TB phase is therefore chiral despite being typically formed by achiral molecules, whereas conversely only a handful of chiral materials are known to exhibit this phase. 6, 7 The TB phase exhibits striking optical textures 8 and has been studied by resonant 3, 9 and non-resonant SAXS, 10 NMR, [11] [12] [13] polarised Raman spectroscopy, 14 and under applied electric 15 and magnetic fields. 16 This phase is principally exhibited by liquidcrystalline dimers, 17 in which two rigid sections are adjoined by a (semi) flexible spacer. Experimental results suggest it is primarily molecular shape [18] [19] [20] and the gross bend-angle that appear to dictate the incidence of this phase, [20] [21] [22] supporting the findings of earlier theoretical treatments. 23, 24 In addition to being found in achiral materials, a number of chiral dimers/bimesogens are known to exhibit the TB phase. 6, 7, 25 In addition to low molecular weight dimers the TB phase is also found in oligomers, [26] [27] [28] [29] polymers 30, 31 and possibly lyotropic systems. 32 Several examples of transitions from the TB phase into smectic phases are known, such as smectic [33] [34] [35] [36] [37] and B 6 phases. 38, 39 Recently, Archbold et al. reported that the binary mixture M10 forms a novel nematic liquid-crystalline state upon cooling from the TB phase, this being the only example of a transition from the TB phase into a lower temperature (presumably modulated) nematic-like phase. This previously undiscovered nematic modification, termed N X , is observed when the host material 'CA23' (Fig. 1) is doped with the high helical twisting power (HTP) dopant 'RM1041' (Fig. 1 ). 40 The N X phase was found to exhibit only diffuse scattering of X-rays at small-and wide-angles, and to retain many of the optical textures of the preceding TB phase. Although the structure of the lower temperature phase has not been identified, the lack of Bragg scattering in SAXS/WAXS experiments confirms its nematic-like nature. High weight percent mixtures of RM1041 in CA23 also exhibit direct isotropic-to-TB phase transitions, such as M10 shown in Fig. 1 . In this report we revisit this topic, preparing mixtures of several dimers (CBCC6OCB, CB9CB, CB8OCB), trimers (A6 3 and T3 9 ) and tetramers (T4 9 , O4 7 ) with the same chiral dopant used by Archbold (RM1041), with a view to discovering new examples of the N X mesophase, and examining the universal nature of the N X phase.
Experimental
Binary mixtures were prepared by weighing each component separately, dissolving each into dichloromethane before combining the two solutions and mixing with sonication (45 min). The dichloromethane was removed by warming the sample under a stream of dry nitrogen gas for 24 h. Unless otherwise stated, mixtures contain 90 wt% of the host material, and 10% of the chiral dopant RM1041. The syntheses of all materials used in this study were described previously (RM1041; 40 CB9CB, CBCC6OCB and CB8OCB; 41 T 3 9; 42 T 4 9; 42,43 A6 3 ; 27 O4 7
44
) and their molecular structures and transition temperatures are given in the ESI † to this article. Transition temperatures of neat materials and their molecular structures are given in the ESI † to this article. Computational chemistry was performed in Gaussian G09 revision E01. 45 Output files were rendered in Qutemol. 46 Conformational analysis was performed as described by Archbold et al., 22 with the AM1 semi-empirical method used to generate conformer libraries. Details of instrumentation employed in this study are given in the ESI † to this article.
Results
We first studied binary mixtures (90 wt% host, 10 wt% RM1041) between the dimers CBCC6OCB, CB9CB and CB8OCB and the chiral dopant RM1041. Transition temperatures were determined by polarised optical microscopy (POM) and differential scanning calorimetry (DSC), whereas phase assignments were made by POM, and small-and wide-angle X-ray scattering (SAXS/WAXS). Enthalpies are presented in kJ mol À1 using a weight average of the molecular weight of each component. Transition temperatures and associated enthalpies are presented in Table 1 alongside data for M10, which is provided as a comparison. 40 All three mixtures exhibit chiral nematic (N*) and twist-bend nematic (TB) phases, which were identified based on their optical textures ( Fig. 2 ) and X-ray scattering patterns (see Fig. 3 ). In all samples we found further cooling of the TB phase yielded a phase transition into what we term the 'N X ' phase, a nematic-like phase of unknown structure. At the transition into the N X phase there is a marked change in birefringence ( Fig. 2b and c), however the principal optical textures of the preceding TB phase (parabolic, focal conic, rope-texture) are retained following the phase transition. All three phases are fluid and visibly flow during POM study, although the N* phase is notably more fluid than both the TB or N X phases. Shearing the TB or N X phase leads to a pseudo homeotropic texture which can be restored to the birefringent texture either via thermal annealing or heating into the N* phase and cooling back to the TB or N X . Further examples for mixtures in this paper are given in the ESI. † Table 1 Transition temperatures (T, 1C) associated enthalpies (DH, kJ mol À1 ) for binary mixtures 1Mix, 2Mix and 3Mix, featuring the host (90 wt%) and RM1041 (10 wt%). Transition temperatures and associated enthalpies were determined by DSC at 10 1C min À1 and are the average of two cycles. The scaled TB transition temperatures (T TB-N /T N-Iso ) are 0.95, 0.90 and 0.89 for 1Mix, 2Mix and 3Mix respectively. The scaled N X transition temperatures (T X-TB /T N-Iso ) are 0.90, 0.86 and 0.84 for 1Mix, 2Mix and 3Mix respectively Mix. no.
Host MP N X -TB TB-N* N*-Iso We studied 3Mix by small angle X-ray scattering as a function of temperature. As with many LC dimes we observed extremely weak small angle scattering in all phases (with the exception of the solid state), we attribute this to a near absence of cybotactic fluctuations in the nematic and TB phases. The chiral nematic and TB phases give typical nematic-like scattering patterns, with only diffuse scattering at wide-and small-angles (Fig. 3 ). The lack of Bragg or quasi-Bragg scattering at small angles demonstrates the N X phase is not a lamellar phase. On cooling from the TB phase into the N X phase the 2D SAXS patterns ( Fig. 3b and c) appear indistinguishable, however as shown in Fig. 3d there is a very slight increase in the intensity of the wide-angle scattering peak and a slight decrease in d-spacing, however the small angle peak appears to remain unchanged. Aside from the diffuse peak at B13 Å there are no further peaks in the small-angle region up to the maximum Q range we can study (E0.05 Å À1 ). As discussed by Zhu et al., the hypothetical splay-bend nematic phase lacks the glide symmetry present in the TB phase and this should therefore lead to Bragg scattering of hard X-rays. 3 We therefore tentatively exclude a splay-bend phase whose modulation period is smaller than Q = 0.05 Å À1 (B120 Å), however it has also been argued that the periodicity of a splay-bend nematic can only be revealed by resonant X-ray scattering experiments. 47 Just as the TB phase exhibits a dependency upon the gross molecular bend and flexibility, we suspect the N X phase will also exhibit a similar dependency. We therefore studied the conformational landscape of CBCC6OCB with the AM1 semi empirical method. Data for CB8OCB and CB9CB was presented by us in ref. 19 . As expected, the probability of a given bend-angle for CBCC6OCB is largely the same as CB8OCB, with the caveat that the reduced flexibility of the spacer leads to a reduction in the population of hairpin and linear forms. The distribution of bend angles centered around 1051 for each material is approximately Gaussian (Fig. 4) . We fit each histogram plot with a Gaussian function, the FWHM of which we take as a measure of the distribution of bend angles (Fig. 4 ). As the FWHM will display a dependency on the bin size in each histogram, the values we present herein are an average value of the FWHM for a range of bin sizes (1-601 in 0.331 steps). A plot of FWHM versus 
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bin size is given in the ( Fig. S1 , ESI †). Previously we have noted that a tight distribution of bend angles leads to highly stable TB phases (i.e. T TB-N /T N-Iso tends towards 1), and in the present case we also find that the highest scaled N X -TB transition temperature (T X-TB /T N-Iso ) also correlates with the breadth of bend angle distributions shown below. Having demonstrated that the N X phase reported by Archbold can also be observed in using a number of different -albeit structurally similar -bimesogens. We next prepared mixtures using trimeric and tetrameric host materials that exhibit the TB phase in their neat state: A6 3 ; T 3 9; 42 T 4 9; 42,43 O4 7 . 44 Other materials possibly of interest, namely A6 4 , 48 O6 7 , 44 and D11 3 (2) 29 are not presently available to us in sufficient quantity for the accurate creation of mixtures.
All four mixtures reported in Table 2 were all found to exhibit N*, TB and N X phases. The optical textures of each material were not significantly different from the dimeric materials, as shown in Fig. 5a . Following the transition from the TB phase into the N X phase we observe a change in birefringence, we also note that the striations present in the rope-like texture become far more pronounced (Fig. 5b versus Fig. 5d , see also Fig. S14 in ESI †). We studied mixture 6Mix by SAXS/WAXS, the lack of Bragg scattering confirms the nematic-like nature of the TB and N X phases. There is a small increase in the intensity of the small angle scattering peak with a function of temperature, but the d-spacing remains constant across the N*-TB-N X phase range. The wide-angle scattering peak decreases in intensity slightly on entering the TB phase from the N*, shifting to slightly larger Q (1.286 Å À1 to 1.314 Å À1 , 4.9 Å to 4.8 Å respectively). The intensity of the wideangle scattering peak increases slightly on going from the TB phase to the N X , but the position remains the same at 1.314 Å À1 . We do not observe any further scattering peaks from 6Mix to a maximum d-spacing of B125 Å (Q = 0.05 Å À1 ). Lastly, we note that the small associated enthalpy of the N X -TB transition exhibited by 4Mix-7Mix is consistent with mixtures formed of dimers (Table 1) , and is consistent with the transition between each phase being weakly first order (Fig. 5f ) as expected of a nematic-to-nematic transition. Mixtures 4Mix-7Mix demonstrate that the N X phase can be formed across a wide range of length scales, from simple dimers to tetramers. Just as with the TB phase, we suspect that the N X phase could eventually be observed in higher molecular weight oligomers, as well as in polymers.
Recently we reported several chiral bimesogens which were prepared with a view to obtaining examples of this N X phase in a pure material; however none of these materials exhibited the N X phase and instead variously exhibit N*, TB, SmA, SmC, and SmB phases. 7, 49 To study the role of the chiral dopant we prepared binary mixtures between CB9CB and separately the two chiral dimers 8 and 9 ( Fig. 5 and Table 3 ). Compound 8 exhibits a chiral spacer of odd parity, whereas 9 has a mesogenic unit incorporating a [2,2]-paracyclophane exhibiting planar chirality (Fig. 6) .
Whereas 1Mix exhibits the N X phase we find mixtures 8Mix and 9Mix do not. We measured the HTP value of RM1041 from binary mixtures with 5CB via the Cano wedge method, giving a value of 88 mm À1 ; almost two orders of magnitude larger than those of the other chiral dopants studied. 7, 49 This result suggests that a large value of helical twisting power is essential for the formation of the N X phase, rather than simply an optically active molecule or some other undefined parameter. While the local structure of the N X phase is presently unknown, some yet-to-be-observed one-dimensional modulated nematic structures have recently been proposed to occur in highly chiral systems, 50 and this warrants further study.
The possibility that the N X phase could be a re-entrant N* phase can be discounted as the optical textures of the N* phase are not present in the N X , instead this phase exhibits effectively the same optical textures as the TB phase ( Fig. 5b-e ) with slightly different birefringence. We note that the change in birefringence at the phase transition is abrupt and separate from the continual change in birefringence across the TB phase as a function of temperature -this is illustrated in the ESI † video to this article. The change in birefringence suggests a reorganization of molecules within the helical TB structure, and this is accompanied by a weak first order phase transition.
Given the similarity in optical textures and SAXS experiments we consider that the structure of the N X phase is structurally similar to the TB phase. As the transition occurs on cooling from the TB phase, one might expect the structure to be condensed, such that the molecules may have fewer freedoms in the N x phase over that in the TB phase. The combination of these observations indicates that the N x phase is a new variant of the TB phase, and if this is the case it demonstrates twist-bend phenomena have the potential to be polymorphic. The classical TB phase is uniaxial, and one intriguing possibility highlighted by theory is the formation of a biaxial TB phase in highly chiral systems. 50 We would expect that the transition between uniaxial and biaxial TB phases would be weakly first order. Dozov and Meyer described the possibility of a phase analogous to the twistgrain boundary phase (TGB), with the smectic layers omitted in favor of the pseudo-layer structure of the TB phase, giving the twist-grain boundary twist-bend (TGB TB ) phase. 51 The TGB TB phase is a possibility that warrants further experimental study, although a first-order transition between a purely 'nematic' TB phase and a 'TGB' TB phase does not appear to be predicted to occur. Longa and Tomczyk recently suggested the formation of a globally polar and chiral twist-bend nematic (N TB P *) and predict that the phase sequence I-N*-TB-N TB P *, 52 as well as highlighting the possibility of reentrant polymorphisms incorporating one (or more) twist-bend phases. Given the optical textures of the N X phase are quite dissimilar to those of the N* phase we do not consider it likely to be a reentrant phase, however the possibility of a polar/chiral TB phase is an intriguing possibility that merits further study.
Based on optical textures we have no reason to believe the N X phase reported in this work is the same as the splay nematic (N S ) recently described by Mertelj et al. 53 -the N S phase displays the same optical textures as the classical nematic (schlieren etc.), whereas the optical textures of the N X phase are far closer to those of the 'classical' TB phase. Lastly we note that the N x phase could, more speculatively, be a completely new nematic-like phase type yet to be predicted by theory.
Conclusions
We have prepared seven binary mixtures between a high HTP chiral dopant, RM1041, and liquid crystalline dimers (CB9CB, CB8OCB, CBCC6OCB), trimers (A6 3 , T3 9 ) and tetramers (T4 9 , O4 7 ). Each mixture studied exhibits chiral nematic and twist-bend modulated nematic-like phases, as well as a lower temperature nematic-like phase which we denote N X . Given the similarity in optical texture ( Fig. 2 and 5 ), small associated enthalpy values (Tables 1, 2 and Fig. 5f ) and lack of Bragg scattering in SAXS/WAXS experiments ( Fig. 3 and 5a) we believe the N X phase reported herein in mixtures is the same phase as reported by Archbold et al. 40 As the N X phase can be formed seemingly irrespective of the chemical composition of the dimer/oligomer host, we studied the nature of the chiral additive. Two low HTP dopants were found not to give the N X phase, although the TB phase was retained, suggesting a strong link between the chiral strength of the dopant and the incidence of the N X phase. We believe the N X phase to be a new variant of the TB phase suggesting that twist-bend phenomena have the potential to be polymorphic. 
